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A description is given of the f a c i l i t i e s  developed a t  the Ames Researcn 

Center f o r  experimental study of gas dynamics problems a t  speeds current ly  a6 

high as 44,000 feet per  second, and a t  air dens i t ies  i n  the  range from 0.0002 

t o  0.16 times sea-level atmospheric density. 

by combining i n  countercurrent operation a shock-tube wind tunnel with a l i g h t -  

gas gun. 

velocity f low generated by the shock-tube wind tunnel. 

of t h i s  equipment, while considerable, have been surmounted t o  a usable degree, 

and those t h a t  remain are primarily problems common t o  high-performance shock-tube 

wind tunnels. 

This range o f  conditions i s  achieved 

The tes t  model launched from the gun f l i e s  upstream through the high 

The operational problems 

This equipment has permitted the study of a i r  radiat ion from the shock 

layer  for  speeds up t o  and above the  escape veloci ty  from earth,  f o r  both 

q ~ i l i b r i m  an5 nnnequilibrium conditions i n  the  shock layer .  

an opportunity for  studying the charac te r i s t ics  of ablat ing models, and these 

s tudies  have shown the presence of addi t ional  rad ia t ion  i n  appreciable quant i t ies ,  

both  iz the shock layer  and the  wake, a t t r ibu tab le  t o  the ablat ion products. The 

equipment was  designed f o r  measuring aerodynamic forces and moments as well, and, 

while these s tudies  have not been emphasized thus far, s t a b i l i t y  and drag have 

been measured a t  speeds above 30,000 f t / sec  and Mach numbers as high as 35. A 

It also provides 



measurement of stagnation-point convective heating f o r  a speed of 36,000 f t f i e c  

has a l so  been accomplished, by use of the  f l i g h t  time t o  onset of ablat ion as a 

measure of the heating r a t e .  

' 

I n  the past 15 years, there  has developed a considerable emphasis on f r e e -  

f l i g h t  t e s t ing  of scale models for experimental s tudies  of gas dynamics problems. 

The models a re  s e t  i n  motion from light-gas guns up t o  very high ve loc i t i e s .  

kind of experiment has permitted measurements at  some conditions of speed and densi ty  

not readi ly  a t ta inable  by other techniques, and has a l so  been used t o  study some 

gasdynamic properties and e f f ec t s  which are be t t e r  studied i n  f r e e  f l i g h t  than 

on f ixed mounts. 

speed of t e s t ing .  The usefulness of the  technique has stimulated the  development 

of improved guns, and the  development of improved guns has increased the  useful-  

ness of t he  technique. Today, with guns alone, we can t e s t  a t  speeds as  high as  

30,000 f t / s ec  ( r e f ,  l), thus exceeding s a t e l l i t e  speed i n  f r e e  f l i g h t  

laboratory experiments. 

This 

During t h i s  period, there  has been a rapid increase i n  the  

Another useful idea has been the combining of t he  f ree- f l igh t  model w i t h  a 

countercurrent supersonic air stream, This  combination has been employed i n  the 

Ames supersonic f r ee - f l i gh t  wind tunnel ( r e f .  2) f o r  a period of 15 years and has 

been the  bas i s  of both basic research and development t e s t ing  a t  Mach numbers as  

high as  18, although a t  a t o t a l  veloci ty  of roughly 0.6 the  value f o r  f r e e  f l i g h t  

a t  t h i s  same Mach number i n  the  atmosphere. 

With the  coming of t he  space age, there was a wel l  recognized need f o r  

ground f a c i l i t i e s  t o  perform experiments up t o  and above 40,000 f t / sec .  Because 

of t h e  importance of gaseous radiation, ionization, dissociation, and other 

behavior of a i r  around f l i g h t  vehicles a t  these speeds, it was <onsidered 
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important t o  t e s t  a t  the  speed of in te res t  rather than t o  attempt simulation of 

these e f fec ts  a t  some lower speed. 

gun f i t s  i n  w i t h  t h i s  requirement, of course, but unfortunately f a l l s  somewhat 

short  of t he  highest speed of i n t e re s t ,  even now. 

the  application of t he  countercurrent air-stream technique t o  Overcome t h i s  

deficiency. 

Ames Research Center i n  the  spring of 1958. 

The f ree- f l igh t  aodel t e s t  w i t h  the  l ight-gas 

It w a s  l og ica l  t o  consider 

The decision t o  apply t h i s  technique on a p i l o t  scale  was made a t  

The air streams employed in t h e  e a r l i e r  supersonic f r ee - f l i gh t  wind tunnel 

were cold reservoir  streams and, as such, were l imited t o  a maximum speed (on 

expansion t o  i n f i n i t e  Mach number) of about 2,500 f t / s ec .  

airspeeds desired here, a shock-tube wind tunnel was selected.  

For the  much higher 

With t h i s  type 

of equipment, t e s t s  a t  speeds up t o  44,000 f t / s ec  have been made. 

equipment developed f o r  t h i s  purpose i s  s t i l l  far from perfected, it has been used 

f o r  a number of kinds of gasdynamic and heating experiments, and has developed 

f a r  enough t o  warrant a progress report .  

report ,  t o  describe the  exis t ing systems, t o  regiew some of the  operating problems, 

and t o  discuss some of t he  research applications.  

The author would l i k e  t o  acknowledge the  contributions of the  many members 

Although the  

The present purpose i s  t o  make such a 

of the  Hypersonic Free-Flight Branch at Ames Research Center who collaborated i n  

the  work reported here. 

SYMBOLS 

E t  

h stream enthalpy, Btu/lb 

I 

t o t a l  radiat ive power per u n i t  volume of t he  gas, watts/cm3 

t o t a l  nonequilibrium radiat ive power per un i t  area of t he  shock ware, 

watts/c$ 

M free-stream Mach number 
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L 

TS 

V 

X 

P 

pressure, lb/ in .2  o r  atmospheres, as noted 

s tagnation-point heating r a t e ,  Btu/sec f t 2  

nose radius of curvature, f t  

t i m e ,  milliseconds 

surface temperature a t  stagnation point ,  OF 

free -stream veloci ty ,  f t / s ec  

a x i a l  coordinate of t es t  equipment, f t  

a i r  density, s lugs / f t3  

Subscripts 

0 sea l e v e l  atmospheric condition 

S stagnation value 

t t o t a l  

W w a l l  value 

co undisturbed f r e e  -stream value 

FACILITIES 

Description 

Two versions of t h i s  equipment have been 'bu i l t  and operated, re fer red  t o  as 

the p i l o t  and prototype. 

i n  diameter by 3 f e e t  long, is  driven by a 4-inch-diameter shock tube employing 

cold helium dr iver  gas, and is  equipped w i t h  a model launching gun 0.28 inch i n  

bore diameter. This equipment has been used fo r  gaseous radiat ion s tudies  a t  

speeds up t o  33,000 f t / s ec ,  reported i n  references 3, 4, and 5. 

The p i l o t  uni t  (ref.  3)  has a t e s t  sect ion 7 inches 

The prototype f a c i l i t y  has a tes t  sec t ion  40 f e e t  long, su i tab le  f o r  gas- 

dynamic force  and s t a b i l i t y  measurements as w e l l  as rad ia t ion  measurements, and 

i s  shown sketched i n  f igure 1. The over-all  length of t h i s  equipment i s  s l i g h t l y  
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over 200 f e e t .  The dr iver  and the  shock tube sections a re  each 6 inches i n  

in s ide  diameter by 40 f e e t  long, and w i l l  contain pressures up t o  20,000 ps i .  

The nozzle i s  ax ia l ly  symmetric and i s  designed f o r  a flow Mach number of 7. 

When the a i r  speed is  changed by changing the stagnation enthalpy leve l ,  the 

nozzle Mach number remains nominally a t  7. It is, however, necessary t o  match 

the throa t  area t o  the t o t a l  enthalpy by select ing a throa t  i n s e r t  appropriate 

t o  each a i r  speed. 

The l ight-gas gun shown on the r igh t  i s  an obviously important pa r t  of the 

equipment. 

diameter of 1/2 inch. 

pump tube, i n  t h i s  case 36 f e e t  long by 2-1/4 inches inside diameter, which is 

i n i t i a l l y  f i l l e d  with the propellant gas, hydrogen, a t  a moderate pressure, f o r  

example, 50 ps ia .  A t  the breech end of the  pump tube, there  is placed a heavy 

deformable piston, f o r  example, a polyethylene pis ton 7 diameters long, and behind 

the pis ton,  a charge of gunpowder. When the powder is  ignited,  the pis ton is  

driven down the pump tube, t o  a maximum velocity of about 2,000 f t / sec ,  compres- 

sing the hydrogen ahead of it. 

value, f o r  example, 20,000 p s i ,  a diaphragm bursts  between the pump tube and the 

model launching tube, and the model i s  driven down the launch tube by the hot,  

high-pressure hydrogen. 

sing the hydrogen t o  pressures as high as 200,000 p s i  during model launch. 

the  end of i t s  stroke, the pis ton is  driven in to  a tapered high-pressure coupling, 

and i s  deformed by the force of the impact t o  f i t  the taper.  

e a r l i e r ,  t h i s  gun has been operated above 30,000 f t / s ec .  

It is a deformable p is ton  type ( r e f .  l), with a launch tube bore 

Behind the  launch tube i s  located a long compressor or  

When the hydrogen pressure reaches a predetermined 

The compressor pis ton continues t o  move forward compres- 

A t  

As  was  indicated 

The complete operating cycle of the prototype may now be i l l u s t r a t e d  by 

the time-distance diagram i n  f igure 2. The cycle begins a t  t = -60 m e c  with 

ign i t i on  of the dr iver  gases, which are a mixture of hydrogen, oxygen, and 
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.ielium, with nitrogen added t o  bring about t a i l o r i n g  of the shock tube a t  the 

desired stream t o t a l  enthalpy (ref. 6) .  

example), the gun cycle i s  i n i t i a t e d  by ign i t i ng  the gunpowder. A t  t = 0, 

a diaphragm punch i s  actuated t o  pierce and commence opening the p r inc ipa l  

diaphragm located between the  shock tube and driver a t  

wave and in te r face  then mve down the  shock tube a t  high veloci ty ,  compressing 

the supply air for the  wind-tunnel operation. With a flow ve loc i ty  i n  the  tes t  

sect ion of 12,000 f t / sec ,  and the present nozzle th roa t  which gives a flow Mach 

number of 7.32, the theo re t i ca l  time f o r  the compressed a i r  t o  be expended i n  

flow through the throa t  i s  18.8 msec. 

by a s t a r t i n g  shock wave which i s  an extension i n  t i n e  and posi t ion of the path 

of the pr inc ipa l  shock wave i n  the shock tube. A flow s t a r t i n g  period follows 

during which the a i r  o r ig ina l ly  i n  the tes t  sec t ion  i s  swept out and the s t a t i c  

pressure bui lds  up t o  the design operating l eve l .  By the t i m e  f l e w  has s t a r t e d  

at the  downstream end of the t e s t  section, the gun cycle has terminated i n  a 

model launch which brings the model t o  the  tes t  sect ion a t  a predetermined speed 

of from 15,000 t o  30,000 f t / s ec  ( the t rack  shown i s  f o r  20,000 f t / s e c ) .  

model moves through the t e s t  sect ion and leaves approximtely 5 msec before the  

period of r e l a t i v e l y  steady flow i s  terminated by the a r r i v a l  of the head of 

the expansion wave from the shock tube. 

a r r ives ,  the flow i s  de f in i t e ly  terminated by the exhaustion of tes t  air, and 

driver gases en te r  the tes t  section. The 6 msec excess i n  the run t i m e  shown 

is, of course, useful because the dr iver  gases tend t o  en te r  the tes t  sect ion 

e a r l i e r  than predicted,  due t o  interface mixing, and sone leeway i s  needed t o  

insure coordination of the model f l i g h t  and shock-tube operation. 

timing i s  planned t o  bring the model i n to  the tes t  sect ion as soon as flow i s  

establ ished,  since it has not ye t  been d e f i n i t i v e l y  establ ished when driver gas 

A s  shewn a t  t = -6 rnsec ( i n  t h i s  

x = 40 feet. The shock 

Flow i n  the  tes t  sect ion i s  i n i t i a t e d  

The 

About 1 m e c  after the expansion wave 

Normally, the 



’ contamination begins. Hence, the  earliest possible f l i g h t  i s  preferred t o  avoid 

contaminated gas flow. 

successfi..-~I.ly coordinated because the cycle tirnes of both are repeatable within 

about 1 msec. 

been experienced. 

The operation of the gun and the  shock tube can be 

No serious d i f f i c u l t y  i n  achieving coordinated operation has 

The equipment i s  shown i n  f igure  3. In  f igure  3(a) the shock-tube dr iver  

i s  i n  the  background, open a t  the  diaphragm s ta t ion ,  with the  shock tube i n  

the foreground. 

a preformed diaphragm ready f o r  i n s t a l l a t ion .  

of the model launching gun, with the rectangular launch tube clamp i n  the fore- 

ground, the high pressure coupling beyond it, and the pump o r  compressor tube 

i n  the background. 

i n  the foreground. 

from a posi t ion alongside the nozzle, showing the  shadowgraph opt ica l  components 

f o r  the 11 sta t ions  on the side and above the tunnel, and the vacuum dump tank 

i n  the far  background. The gun room l i e s  beyond t h i s ,  through the open door. 

The punch mchanism can be seen i n  the open dr iver  as well as 

Figure 3(b) i s  a general view 

A pump p is ton  and a model are placed on the launch tube 

Figure 3(c)  i s  a general view of the test  section, taken 

Operating Range 

The range of t e s t  conditions a t ta inable  with t h i s  equipment are shown i n  

f igure  4 i n  terms of resu l tan t  o r  t o t a l  t e s t  ve loc i ty  and densi ty  i n  r a t i o  t o  

sea l e v e l  ambient density.  Two regions a re  shown: that which has been demon- 
: 

strated t o  date, and the f’urther extension which i s  believed t o  be a t ta inable  

without major revisions t o  the equipmnt o r  major breakthroughs i n  technique. 

The range extends from 0.0002 t o  about 1/6 of atmospheric density.  

ve loc i ty  demonstrated i s  41,000 f t / s ec  which m y  be extended t o  about 47,000 f t / s e c  

w i t h  present  equipment a t  peak operation. 

t e s t  ve loc i ty  a t  maximum performance, about 30 percent i s  contributed by the 

shock-tube wind tunnel and 70 percent by the launch gun. 

The mximum 

It w i l l  be noted t h a t  of the t o t a l  

This log ica l ly  raises 
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two questions: 

the e f f o r t  t o  develop and operate the complete f a c i l i t y  as  opposed t o  the 

a l te rna t ive  of working with the l ight-gas  gun alone? 

question f irst ,  we f e e l  that it i s  worth the e f f o r t ,  fo r ,  while the percentage 

increase i n  maximum ~peed. is iiot great, there &re exce l lmt  reasons f ~ r  ~ m t i n g  

t o  perform t e s t s  a t  speeds between 30,000 and 50,000 f t / s e c  which cannot be 

reached with the gun alone. 

radiat ive heating problems of en t ry  bodies do not becow r e a l l y  s ign i f icant  f o r  

en t ry  in to  the ea r th ' s  atmosphere u n t i l  speeds above the escape speed are reached. 

Similarly, ionization e f f ec t s  become appreciable only a t  the higher speeds. 

Couple t h i s  with the f a c t  t ha t  the speed range above 36,000 f t / s ec  is the range 

required f o r  lunar and planetary missions, unattainable by the gun alone, and 

it w i l l  be seen that the shock-tube wind tunnel ' s  contribution i s  needed. It 

should a l so  be real ized that the m a x i m  performance of the gun cannot be 

a t ta ined  with any but the l i g h t e s t  and. most rugged models. 

t o  lower launching velocity,  the contribution of the air speed becomes of great  

importance. 

15,000 f t / sec .  

it t o  twice t h a t  speed. 

(1) Can the a i r  velocity be increased? (2)  If not, i s  it worth 

To answer the second 

Among these, a prominent one i s  the f a c t  that 

For models l imi ted  

Consider, f o r  example, a model that can be launched t o  only 

By adding the f l o w  of the shock-tube wind tunnel, we can t e s t  

Concerning the first question, the a i r  veloci ty  can surely be increased 

but only by lowering the maxim density of the stream. 

by the two lower lobes of the so l id  l i ne  boundary on the r igh t ,  which represent 

the highest  dens i t ies  a t ta inable  a t  the two highest air speeds (9,000 and 

12,000 f t / s ec )  i n  current use. 

quences, one of which i s  t h a t  aerodynamic force and s t a b i l i t y  t e s t s  become l e s s  

feasible and f ina l ly ,  f o r  any model scale and design, unfeasible a t  sore  value 

of density. Gaseous radiat ion t e s t s  remain possible a t  lower values. Another 

This i s  shown i n  figure 4 

Lowering of the density has a number of conse- 
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problem w i t h  extremely l o w  tes t  densi t ies ,  which i s  a t  present only p a r t l y  

understood, i s  the occurrence of nonequilibrium conditions i n  the tes t  stream. 

Nevertheless, we w i l l  make some e f f o r t s  i n  our f i ture  work t o  achieve higher 

a i r  ve loc i t i e s ,  perhaps up t o  20,000 f t /sec.  

For aero*llaiiijc t es ts ,  A T - -  bllt: l\=yrl~sus n----i 2 x i i ? x r s  i , q ~ i c i t  ir, figne 4 are nf  

i n t e re s t .  

diamter f o r  the three corner points  on the right-hand boundary of  the  demon- 

s t r a t e d  operating range are, from top t o  bottom, 2,500,000, 350,000, and 74,000. 

Thus, another disadvantage of increasing the a i r  speed appears - i n a b i l i t y  t o  

simulate f l i g h t  Reynolds numbers a t  the highest  air  speeds. 

Typical values based on free-stream conditions and 1/2-inch model 

Operating Problems 

Almost exclusively, the current operating problems with th i s  equipment are 

associated w i t h  the shock-tube wind tunnel. 

have been l a rge ly  brought under control, although model launching problems are 

a continuing feature of t h i s  kind of work (for example, i n a b i l i t y  t o  separate 

the sabot without causing major angular or l i n e a r  disturbance t o  the model 

motion, or s t ruc tu ra l  failure of the model or sabot during launch). Other 

problems with the gun have included recurrent p l a s t i c  failure i n  the v i c i n i t y  

of the high-pressure coupling, which has been eliminated by improving the 

design, and rap id  wear of the launch tube, which has been controlled by use of 

a launch tube w i t h  a replaceable l i ne r .  

Operating problems w i t h  the  gun 

The shock-tube wind-tunnel problems may be c l a s s i f i ed  as combustion problems 

i n  the  dr iver ,  deviations from idea l  performnce of the shock tube, and C a l i -  

b ra t ion  and flow steadiness problems in  the tes t  section. 

problems have centered around the d i f f i c u l t y  of obtaining uniform mixture of 

the propel lant  gases throughout the 40 f e e t  of combustion chamber and of 

The combustion 
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c-<:hieving a uniform r a t e  of pressure r i s e  a t  a l l  s t a t ions  of the chamber. When 

t h i s  is not achieved, long-wavelength pressure osc i l la t ions  form, sloshing from 

end t o  end of the tube a t  the speed of sound. 

oscillograph t r a c e  i n  f igure 5 .  

c l a s s i c a l  theory of strong sound waves and develop i n t o  shock waves (shown by 

the v e r t i c a l  pressure r i se )  a f t e r  completing about two osc i l l a t ions .  Altering 

the gas loading procedure t o  introduce about three fourths of the helium a f t e r  

a l l  of the combustible gases were loaded resul ted i n  the smooth burning behavior 

shown by the t races  on the  r igh t .  

be a rb i t r a ry ,  fo r  sa fe ty  reasons, no d i f f i c u l t y  has been experienced with the  

current procedure of loading the oxygen and nitrogen f i rs t ,  then adding one fourth 

of the helium, then a l l  of t he  hydrogen, and f i n a l l y  the remainder of the helium. 

The gases a r e  igni ted by pulse heating an axial tungsten wire, which is  heated 

i n  a period of microseconds t o  a br ight  glowing condition by a condenser d i s -  

charge. This technique was shown i n  preliminary small-scale t e s t s  t o  be less 

l i k e l y  t o  i n i t i a t e  detonation than was the  use of exploding wire ign i to r s .  

Driver gas detonation has not occurred except i n  two o r  three instances where 

the ign i t ion  wire broke before the igni t ion pulse w a s  applied. This resul ted 

i n  flame path lengths greater  than c r i t i c a l  and, consequently, detonation. 

the current prac t ice  of checking the continuity of t he  ign i t ion  w i r e  j u s t  p r i o r  

t o  igni t ion,  no problems with detonation are experienced. 

Such a condition is  shown by an 

Tlie slosh wa'c-cs &ey t h e  Fred-irkion of t he  

Although the order of loading the  gases cannot 

With 

Nonideal operation of the shock tube r e s u l t s  from several  causes iriciudliig 

the f i n i t e  opening time of the pr incipal  diaphragm, the formation of a boundary 

layer  i n  the  gases running down the tube, the mixing of the dr iver  and driven 

gases a t  t h e  interface,  and a nonplanar re f lec t ion  surface a t  the shock r e f k c t i o r ,  

s t a t i o n  which is a l s o  the entrance t o  the  nozzle. Respectively, these r e s u l t  i n  
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i n i t i a l  period of formation of  the normal shock wave, the subsequent a t tenuat ion 

of the wave ve loc i ty  as it runs down the tube, a reduction of run time and a 

complication of the t a i l o r i n g  requirements due t o  the lack  of a sharp interface,  

and a more complicated shock re f lec t ion  process involving configurations such 

as lambda shock waves i n  place of sinrple normal shock waves. This l a t t e r  point 

i s  i l l u s t r a t e d  a t  the l e f t  i n  figure 6, which i s  a pressure record obtained a t  

the shock r e f l ec t ion  s t a t i o n  i n  a case where the shock tube was terminated by 

closing the end with a f l a t  p l a t e .  A t  least  three d i s t i n c t  pressure jumps steep 

enough t o  characterize shock waves were recorded where only two are expected i n  

a simple shock r e f l ec t ion  process under conditions su i tab le  f o r  t a i lo red  operation. 

The steadiness of the pressure after the r e f l ec t ion  process i s  complete suggests 

that ta i lored operation was, indeed, achieved. Although one can postulate a 

lambda shock wave model f o r  t h i s  process, it does not seem sa t i s f ac to ry  i n  a l l  

respects .  

the s teadiness  of the t es t  sect ion f l o w ,  and shorten the  usable run time. 

The net  e f f e c t  of the nonideal shock tube performance is t o  reduce 

The ca l ibra t ion  problem is t o  define the ve loc i ty  of flow and the stream 

densi ty  as a function of t i m e  and posi t ion i n  the tes t  section, and t o  de tec t  

the onset of contamination by dr iver  gases. 

ind i rec t .  The stream t o t a l  enthalpy i s  calculated from measurements of  the 

incident  shock ve loc i ty  i n  the shock tube and from measurernents of the r e f l ec t ion  

process. The tes t - sec t ion  velocity,  density, and a l l  other  propert ies  may then 

UG bullipubG;u as a furct lon zf t im from xeaszremfits of static p r e s u r e  R t ,  various 

s t a t ions  of  the tes t  sect ion,  assuming i sen t ropic  flow. 

Of p i t o t  pressure and Mach number ( f r o m  shock-wave angle on a s ta t ionary  cone) 

have general ly  coafirAmd the va l id r ty  n f  t h t s  approach, although a question of 

The methods of doing this  have been 

L- ,.---.-.&-A 

Redundant measuremnts 

prec is ion  arises. It i s  believed 

t o  no b e t t e r  than 10 percent, and 

tha t  present densi ty  determinations are accurate 

a more d i r e c t  determination of density i s  

11 I 



I .  

=onsidered a f'uture goal. Better def in i t ion  of the onset of dr iver  gas contami- 

nation i s  a l s o  desired; information on t'nis i s  fragmentary s o  far, having been 

obtained from a va r i e ty  of observations such as standoff distance of the bow 

shock wave of a blunt model, and should be studied i n  a more systematic fashion. 

This The steadiness of f l o w  during the running period i s  far from perfect .  

i s  shown by the s t a t i c  pressure t races  t o  the r i g h t  i n  f igu re  6, obtained near 

the two end s t a t ions  of the t e s t  section. 

same t e s t  as the stagnation pressure record shown.) 

ness i s  due t o  disturbances or iginat ing i n  the  shock tube, and t o  what extent  

due t o  boundary-layer growth and other boundary-layer disturbances i n  the tes t  

sect ion cannot be s t a t ed  a t  present.  It i s  possible,  f o r  example, that the  short-  

period osc i l l a t ions  a re  a t t r i bu tab le  t o  an unsteady turbulent  boundary layer on 

the w a l l s  of the t e s t  section. Spikes can be seen on the record corresponding 

t o  the t i m e  the model bow wave in te rsec ts  the pressure c e l l s .  This provides a 

s igna l  from which the value of  s t a t i c  pressure i n  the s t a t i o n  a t  the t i m e  the 

model w a s  there  can be deduced. 

(Note t h a t  these are not from the 

To what ex ten t  the unsteadi- 

The above problems are ,  it is believed, common t o  a11 shock-tube and shock- 

tube wind-tunnel systems. 

not prevent usef'ul. measurements w i t h  these devices. They do, however, adversely 

a f f ec t  the precis ion of rxeasurements. The l o s s  of precision depends, of course, 

on the kind of measurement. 

~ ~ - n d . e r s t , a n d i n g  of the causes of some o f  these operating d i f f i c u l t i e s  w i l l  improve, 

as w i l l  the smoothness of the operation (see,  e.g. ,  the reduction i n  the magni- 

tude of the s losh waves). 

They are  n o t  prohibi t ive i n  the sense t h a t  they do 

It is t o  be expected t h a t  as t i m e  goes by, our 

OBSERVATIONS FROM SOME OF THE E B Y  FESEARCH YKOGKAiVIs 

A mjor p a r t  of the research e f f o r t  i n  these f a c i l i t i e s  t o  date has been 

concerned with measurements of a i r  radiat ion behind the bow waves of bodies 

12 



‘;raveling a t  speeds up t o  44,000 ft /sec.  The results have been published i n  

i-efereiices 3 ,  4, sild 5, aiid w i l l  nzlt be described here i n  any d e t a i l .  These 

measurements have contributed t o  the def in i t ion  of both equilibrium and non- 

equilibrium radia t ive  heating of entry bodies. Figure 7 taken from reference 5 

shows the data f o r  equilibrium-dominated conditions f o r  the speed range from 

18,000 t o  41,000 f t / sec .  

applicable t o  vehicles of all scales  a t  a l l  a l t i t u d e s  a t  which flow equilibrium 

i s  at ta ined.  General agreement with the theo re t i ca l  curves i s  found; but  the 

s c a t t e r  i n  the experimental data is appreciable a t  the higher speeds, and fu r the r  

work w i l l  be necessary t o  reduce it. Generally speaking, however, we my say 

t h a t  the magnitude of equilibrium radiat ion i s  now establ ished for this speed 

range. The same may be sa id  of the nonequilibrium radia t ion  on the bas i s  of 

experimental information shown i n  figure 8, a l s o  from reference 5. Here the  

nonequilibrium radia t ion  per  square centimeter of shock-wave surface i s  shown as 

a function of the ve loc i ty  normal t o  the shock Tdave. The magnitude of this  

rad ia t ion  i s  s m a l l  compared t o  w h a t  was predicted theo re t i ca l ly  a year o r  two 

ago, but the agreement of data  obtained by the considerably d i f f e ren t  techniques 

of shock tube and f r e e - f l i g h t  f a c i l i t i e s  i s  evidence that no major experimental 

e r ro r s  a r e  present.  The nonequilibriwn rad ia t ion  is  expected t o  be of t he  

mgnitude shown o r ,  a t  very high a l t i t udes ,  smaller, because of flow energy 

l imi ta t ion ,  truncation of the nonequilibriwn region by the flow expansion, and 

a number of other l imi t ing  e f f ec t s .  

The form i n  which the data a re  p lo t t ed  makes them 

k n y  of the in t e re s t ing  phenomna encountered i n  research with these 

f a c i l i t i e s  have been a r e s u l t  of interact ion of the materials of the tes t  model 

with the  hypervelocity air flow. 

ab la t ion  generally takes place. I n  fac t ,  t o  avoid ablat ion,  it i s  necessary t o  

ca lcu la te  careru l ly  from the heat sink propert ies  of the model the l imi t a t ions  

A t  the speeds and a i r  dens i t ies  covered, model 



='? speed and densi ty  whLch must not be exceeded. 

%ips ire e q ~ c + k l l y  vdne rzb le  t o  ehlatfnni since aluminum i s  a very poor 

ablat ion sh ie ld  material. 

and burns ir air leads t o  some r a the r  spectacular e f f e c t s  when aluminum models 

are used. 

0.01 of atmospheric density a t  a speed of 9,000 f t / s e c  i s  i l l u s t r a t e d  i n  figure 9. 

The two p ic tures  on the l e f t  show a 30' half-angle cone, i n i t i a l l y  sharp. 

sabot halves m y  be seen just separating from the model ELL tke  f i r s t  s t a t ion ,  

l abe led  t = 0; 1.25 msec l a t e r ,  an appreciable rounding of the t i p  has occurred. 

On the r igh t ,  an i n i t i a l l y  round-nosed cone with t i p  radius of one t h i r d  the 

base radius  i s  shown, and i t s  nose is noticeably f l a t t ened  by ab la t ion  during 

the f l i g h t .  

which i s  pa r t i cu la r ly  observable w i t h  conical models f o r  which the  air  rad ia t ion  

i s  very low. For abla t ing  aluminum cones, luminosity has been observed t o  be as 

much as 1,000 times greater  than the radiat ion produced by the shock-layer air. 

Alminum models wlth pointed 

The f a c t  t h a t  it lnelts a t  r e l a t i v e l y  low temperature 

The shape change of an aluminum cone i n  40 feet of f l i g h t  i n  air  a t  

The 

The onset of aluminum ablat ion i s  accompanied by a flare of luminosity 

Radiation e f f e c t s  are, i n  f a c t ,  quite generally associated with products 

of ab la t ion  i n  the flow f i e l d .  A fur ther  example of t h i s  i s  shown i n  figure 10 

which i s  a sequence of three photographs of an ablat ing polyethylene model as it 

progresses across the f i e l d  of view of an image converter camera. The in t e rva l s  

between p ic tures  were 2 and 5 microseconds, and the exposure times were 1/5 micro- 

second. While the  luminosity on the model face i s  p a r t l y  due t o  a i r  i n  the  shock 

layer ,  t h a t  i n  the wake or ig ina tes  almost e n t i r e l y  from abla t ion  products. This 

has been demonstrated e x p e r i E n t a l l y  by changing the m t e r i a l s  of which the 

models are made, and, under selected conditions, by use of alu?rLnurti mdels a t  

conditions below which ab la t ion  does not occur. I n  the la t te r  case, the l e v e l  of 

rad ia t ion  f r o m  the  wake i s  a t  least  one order of magnitude below t h a t  from the 

shock l aye r ,  and i f  the exposure i s  s e t  t o  photograph the shock layer ,  no 

luminosity from the wake i s  recorded. 
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The wake luminosity i s  useful as a flow v isua l iza t ion  a i d  i n  %-lese pictures .  

It shows the region of the wake which is  laminar, and shows the pa t te rn  of break- 

clown i n t o  turbulence. 

behind the  base, corresponding t o  2 t o  3 diameters behind the m i n i m  sect ion 

o f  the wake. In  the bottom picture ,  a c l ea r ly  defined h e l i c a l  pa t te rn  of wake 

flow i s  establ ished,  with a he l ix  angle of 4 5 O  25'. 

lumps of  turbulence develop, and a c t  t o  t ransport  luminous ablat ion product 

material  i n to  the outer flow, a s  my be seen from the haze of luminosity which 

develops outside the br ight  center portion. 

Turbulence begins i n  this case a t  3 t o  4 body diarneters 

I n  addition, some la rge  

Luminosity of ablat ion products i s  not confined t o  the wake region, however, 

since it appears as w e l l  i n  the radiat ion from the shock layer ,  as shown by 

quant i ta t ive measuremnts of Craig and Davy i n  figure 11. 

t h i s  f igure  show low-resolution spectra obtained i n  the wavelength region from 

the u l t r a v i o l e t  t o  the near in f ra red  from the shock layer  of models of four  

materials,  aluminum (below the ablat ion temperature), and three p l a s t i c s ,  poly- 

ethylene, G. E. 124, and lexan (a polycarbonate). These spectra  were obtained 

a t  approximately the  same speed i n  free-stream a i r  of 0.02 atmospheric density.  

The observed rad ia t ion  power i s  normalized t o  the e f fec t ive  velum of the shock 

layer ,  as though the luminosity were uniformly dis t r ibuted,  although t h i s  i s  

c l ea r ly  not correct  f o r  any rad ia t ion  originating i n  the ablat ion products. 

However, f o r  comparative purposes, it i s  a sa t i s f ac to ry  presentation. It shows 

t h a t  l a rge  differences i n  the shock-layer rad ia t ion  spectrum result from changes 

i n  model material. The l a rges t  effect is the addi t ional  rad ia t ion  peaking a t  

about 0.7 u ~ c r o n ,  most pronounced with the polycarbonate model. 

of r ad ia t ion  in t ens i ty  i n  t h i s  wavelength region i s  evident i n  progressing from 

nonablating aluminum through polyethylene and G. E.  124 t o  the polycarbonate. 

t heo re t i ca l  estimate of the radiat ion t o  be expected from the a i r  i n  the shock 

The four  p a r t s  of 

A progresslon 

A 



l ayer  a t  equilibrium i s  included f o r  these tes t  conditions i n  the upp- or l e f t  

spectrum. It has only a very small contribution i n  the infrared. It does not 

agree w e l l  with experiment a t  the u l t r av io l e t  end of the spectrum a t  t h i s  air 

density, but t h i s  i s  a r e s u l t  of the presence i n  s ign i f i can t  amounts of non- 

equilibrium a i r  radiat ion.  

mde1 spectrum come in to  closer  agreement. 

, 

A t  higher a i r  dens i t ies ,  the theory and the aluminum 

The significance of ab la t ion  product rad ia t ion  as a source of rad ia t ive  

heat input t o  en t ry  bodies has been studied f romthese  data. By use of a 

boundary layer  analysis ,  given i n  a prospective report  by Craig and Davy ,  scal ing 

rules have been wr i t ten  which indicate t h a t  a t  ce r t a in  conditions,of speed and 

a l t i t ude ,  ablat ion product rad ia t ion  can be a source of considerable heat  input, 

i n  some cases grea te r  than a i r  radiation, pa r t i cu la r ly  f o r  materials as bad as 

lexan i n  t h i s  regard. 

~ 

Since it i s  observed t h a t  there  i s  appreciable ab la t ion  product rad ia t ion  i n  

the shock layer and i n  the wake, it i s  in t e re s t ing  t o  compare spectra  from these 

two regions. 

l aye r  a i r  rad ia t ion  from the observed total. shock-layer rad ia t ion  t o  obtain the 

r ad ia t ion  attributable t o  the presence of ab la t ion  products. 

air  rad ia t ion  i s  assumed t o  be given by the tes t  w i t h  a nonablating aluminum 

model. Ablation products spectra  from the shock layer, obtained i n  this  way, 

are compared i n  f igure  12  w i t h  wake spectra f o r  two d i f f e ren t  model materials. 

Note that comparisons of the absolute l eve l s  of rad ia t ion  a re  not of direct  

s ignif icance i n  this  f igure ,  since the t o t a l  rad ia t ion  of ab la t ion  products 

from the shock layer  i s  compared w i t h  the wake rad ia t ion  f ron  an arbitrary length 

of wake, approximately equal t o  1-1/2 Eodel fiameters, a t  the s t a t i o n  of peak 

wake brightness.  

case of the G. E .  124 material, the similarity i s  s t r ik ing ,  and supports the 

For purposes of making t h i s  comparison, we subtract  the shock- 

The shock-layer 

However, the spectra m y  be compared for s imi la r i ty .  I n  the 
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view t h a t  the wake radiat ion and the ablation products rad ia t ion  are from the 

saiiie SUi-ii-ce. 

be explained as a result of lower temperatures i n  the wake than i n  the gas cap. 

For lexan, the agreement of the t w o  spectra i s  less exact, although if we 

multiply the a r b i t r a r y  l e v e l  of the wake spectrum by about 0.6, the correspondence 

becomes more evident. 

the spectrum i s  more pronounced i n  t h i s  case than f o r  the other  material. 

work should be undertaken i n  obtaining a de ta i led  descr ipt ion of the chemical proc- 

esses  involved and the rad ia t ing  species present. 

m e  pr inc ipa l  difference occurs i n  the u l t r a v i o l e t ,  and can perhaps 

The d iss imi la r i ty  a t  the v i s i b l e  and u l t r a v i o l e t  end of 

Further 

Another materials problem which m y  prove t o  be important f o r  space vehicle 

e n t r i e s  i n  which the heating r a t e  becomes la rge  compared t o  present experience 

i s  the problem of  thermal shock of heat-shield materials. The heating rates w i l l  

I tend t o  become higher with increasing entry ve loc i ty  (proportional approximately 

t o  

unmanned planetary probes. 

t h a t  correspond t o  peak heating rates in  excess of 100,000 Btu/sec f t2.  

heating rate which i s  a f’unction of the material ,  it would be expected t h a t  a l l  

mterials w i l l  become subject t o  spal l ing due t o  thermal shock. 

has been observed, it i s  believed, i n  one t e s t  i n  the prototyye f a c i l i t y  a t  a 

combined speed o f  40,740 f t / s ec  and a stream density of 0.002 sea l e v e l  density.  

A blunt  polyethylene model, which w a s  observed t o  be smooth i n  the f i r s t  shadow- 

graph s t a t ions ,  became roughened a t  the la te r  s t a t ions  a s  though by l o s s  of 

r e l a t i v e l y  la rge  pieces of  the face.  

duce t h i s  kind of roughening, it i s  suspected t h a t  spal l ing of t’nis material 

occurred a t  t h i s  speed. 

been about 18,500 Btu/sec f t2 .  

V”) and are a l so  increased by steep en t r i e s ,  such as those considered f o r  

It i s  not d i f f i c u l t  t o  f i n d  combinations of  conditions 

A t  some 

This phenomenon 

Since normal ablat ion processes do not pro- 

The stagnation point heating r a t e  i s  calculated t o  have 

Since spal l ing of the heat  sh ie ld  i s  a kind of 



f a i l u r e  of the heat  protect ion system, resul t ing,  a t  best, i n  i ne f f i c i en t  l o s s  

of weight of the shield,  this yhermxeaoa w i l l  reTAire P ~ t u r e  study i n  these 

f a c i l i  t ie  s . 
One of the purposes f o r  which t h i s  equipment was designed i s  the measurement 

of aerodynamic s t a b i l i t y  and forces.  

subject has not been emphasized as much as gas radiat ion.  

s t a b i l i t y  and drag have been undertaken f o r  three kinds of configurations - a 

blunt capsule, pointed and round-nosed 30' half-angle cones, and a blunt-nosed 

f l a r e - s t ab i l i zed  body. 

expectations - there have been no major conf l ic t s  w i t h  ex is t ing  theory o r  previous 

experiments. It has been learned that models must be made of materials which 

a re  e f f i c i e n t  heat  shields ,  since large configurational changes associated with 

appreciable amounts of ablat ion l i k e  tha t  shown i n  f igure 9 cause changes not 

only i n  the aerodynamic propert ies  but a l s o  i n  the center of grav i ty  and i n e r t i a .  

Some d i f f i c u l t y  has been experienced also i n  defining the free-stream air densi ty  

with the necessary precision. 

ments of the s t a t i c  pressure, which i s  of the order of 0.2 psia ,  and the l i m i t  of 

accuracy of the s t a t i c  pressure measuring instrument becomes a fac tor .  

techniques t o  masure the density more d i r e c t l y  w i l l  be developed. 

densi ty  cannot be t r ea t ed  as uniform through the tes t  section, i n  general, being 

subject  t o  var ia t ions of the order of 20 percent. Otherwise, the appl icat ion of 

the prototype f a c i l i t y  f o r  these purposes appears t o  be reasonably similar t o  

e a r l i e r  experience with the  supersonic f r ee - f l i gh t  wind tunnel (ref. 2 ) .  Two 

motion records from test  f l i g h t s  through the prototype are shown i n  f igure  13. 

The upper one i s  a ve loc i ty  p lo t  f o r  a 30' half-angle cone a t  a speed of  about 

27,300 f t / s ec ,  M = 32.8. This p lo t  shows t h a t  the drag (slope of  the l i n e )  is  

w e l l  defined by the data.  Similarly, i n  the lower  p lo t ,  an angular motion, 

In our experience t o  date, however, t h i s  

bkasuremnts of 

The t e s t  r e su l t s  have shown a general agreement with 

Currently the density i s  obtained from measure- 

Other 

Also, the 
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combined p i t ch  and yaw, i s  shown f o r  the blunt capsule a t  a speed of 

?O,bO9 f t / s ec ,  1.1 = 35.9. 

information on s t a t i c  and dynamic s t a b i l i t y  can be extracted.  

s t a b i l i t y  i s  sens i t ive  t o  var ia t ions  i n  stream densi ty  along the  f l i g h t  path, 

so  t h a t  it i s  expected t h a t  techniques of data  analysis  w i l l  have t o  be 

developed t o  allow for t he  var ia t ion  i n  stream densi ty  recorded during the  t e s t .  

Another example of an ear ly  application of t h i s  equipment i s  some work 

performed by Dale Compton and David Cooper t o  determine convective heating rates 

f o r  t he  stagnation region of a body with a spher ica l  nose. 

technique w a s  based on the  observation tha t  the  f l i g h t  dis tance t o  the point  

where ab la t ion  begins is  a measure of the heating rate. For aluminum models 

From this motion, which i s  regular  and wel l  defined, 

The dynamic 

The measurement 

the  onset of ablat ion can be detected from the  appearance of a t r a i l  of aluminum 

vapor or droplets  i n  the wake. 

duced i n  f igure  14, which show the  wake region t o  be c l ea r  a t  ear ly  s t a t ions ,  

t he  t r a i l  of vapor re fer red  t o  above appearing a t  the  later s ta t ions .  

appearance of vapor i n  the  wake is correlated i n  the  f igure  with the  stagnation 

poin t  surface temperature calculated by the  theory of reference 7, with proper 

allowance f o r  t he  diffusion of heat  inside the model. The f l i g h t  speed f o r  t he  

t e s t  shown i s  approximately 20,000 f t /sec,  below t h a t  f o r  which flow ionizat ion 

becomes s igni f icant ,  and the  theory of reference 7 should be applicable.  

expected melting temperature of the  model i s  1270' F, and aluminum vapor i s  

observed t o  begin t o  appear i n  t h e  wake a t  very near t h i s  temperature. 

t h i s  speed were made t o  invest igate  the v a l i d i t y  of t he  measurement technique. 

Tests a t  a higher speed of 36,000 f t / s e c  have been made t o  establish heating 

r a t e s  f o r  flows with appreciable ionization. The preliminary r e s u l t s  a re  compared 

with theor ies  and col lected data i n  f igure 15 i n  a presentat ion adopted from 

reference 8. 

This i s  i l l u s t r a t e d  by the  shadowgraphs repro- 

The 

The 

Tests a t  

The values obtained are  shown by the f i l l e d  symbols. A l l  of the  



other data i n  t h i s  f igure a re  from shock tube t e s t s ,  performed w i t h  t h i n  resis tance 

film thermometer instri.iment,ation i n  t e s t ing  t i n e s  of a few microseconds . 
f ree- f l igh t  t e s t i n g  time w a s  a f e w  hundred times greater ,  from 1 t o  2 m i l l i -  

seconds, and the  instrumentation technique was, as noted, qui te  d i f f e ren t .  The 

data obtained agree with the predominant p a r t  of the shock-tube data  and f a l l  

somewhat below the lowest of the theore t ica l  estimates shown. 

The 

CONCLUDING FXMARKS 

In  conclusion, it may be sa id  t h a t  t he  countercurrent f a c i l i t y  combining 

a shock-tube wind tunnel and a light-gas gun has been made t o  work and i s  pro- 

viding laboratory tes t  information i n  the veloci ty  range of today's highest  

speed space vehicles.  It i s  not without i t s  problems; however, we believe t h a t  

these problems w i l l  be solved t o  a degree which w i l l  permit the necessary tes t  

data t o ' b e  obtained. 

pr inc ip le  of providing t e s t s  with gases other  than a i r .  

It may be remarked t h a t  t h i s  equipment is capable i n  

&tensions of speed a r e  believed t o  be not  only possible but inevitable.  

It is  d i f f i c u l t  t o  pred ic t  the ultimate performance of l ight-gas guns, but  there  

i s  no documented reason for believing t h a t  the  l i m i t  has been reached. The 

accelerat ion of gas streams t o  somewhat higher speeds than a r e  current ly  being 

used a t  useful  l eve l s  of gas density is  a l s o  possible.  It seems reasonable t o  

expect t h a t  these techniques w i l l  take us i n t o  the veloci ty  region between 

50,000 and 60,000 f t / s e c  i n  t h e  next f ive years. 
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LUMINOUS WAKE WITH TRANSITION TO TURBULENCE 

A-30235.1 
Figure 10 
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